\ 



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property 
Organization 

International Bureau 

(43) International Publication Date 
16 December 2004 (16.12.2004) 




PCT 



llllll llillll II I! I MIIM! Illllll IIMI 

(10) International Publication Number 

WO 2004/109772 A2 



(51) International Patent Classification 7 : 



H01 L 21/00 



(21) International Application Number: 

PCTAJS2004/014610 

(22) International Filing Date: 1 1 May 2004 (1 1 .05.2004) 
(25) Filing Language: English 



(26) Publication Language: 

(30) Priority Data: 

60/474,224 
60/474,225 



English 



30 May 2003 (30.05.2003) US 
30 May 2003 (30.05.2003) US 



(71) Applicant (for all designated States except US): TOKYO 
ELECTRON LIMITED [JP/JPJ; TBS Broadcast Center, 
3-6, Akasak 5-chomc, Minato-ku, Tokyo 107 (JP). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): CHEN, Lee 
[US/US]; 1121 Strickland Drive, Austin, TX 78747 (US). 
KAMBARA, Hiromitsu [JP/US]; 6108 Rickerhill Lane, 
Austin, TX 78739 (US). IWAMA, Nobuhiro fJP/JP]; 
2381-1, Kitagejo, Fujii-cho, Nirasaki-shi, Yamanashi 
407-8511 (JP). KOH, Meiki [JP/US]; 123 Brimbal Av- 
enue, Beverly, MA 01915 (US). MOCHIKI, Hiromasa 
[JP/US]; 29 Concord Avenue, Apt. 104, Cambridge, MA 
02138 (US). HAGIHARA, Masaaki [JP/US]; 7 Beverly 
Commons Drive #37, Beverly, MA 01915 (US). 



(74) Agents: KARCESKI, Jeffrey, D. et al.; Pillsbury 
Winthrop LLP, PO. 10500, McLean, VA 22102 (US). 

(81) Designated States (unless otherwise indicated, for e\>ery 
kind of national protection available): AE, AG, AL, AM, 
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN, 
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI, 
GB, GD, GE, Gil, GM, HR, IIU, ID, IL, IN, IS, JP, KE, 
KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD, 
MG, MK, MN, MW, MX, MZ, NA, NI, NO, NZ, OM, PG, 
PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL, SY, TJ, TM, 
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, YU, ZA, ZM, 
ZW. 

(84) Designated States (unless otherwise indicated, for every 
kind of regional protection available): ARIPO (BW, GH, 
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM, 
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI, 
FR, GB, GR, IIU, IE, IT, LU, MC, NL, PL, PT, RO, SE, SI, 
SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, 
GW, ML, MR, NE, SN, TD, TG). 

Published: 

— without international search report and to be republished 
upon receipt of that report 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



(54) Title: METHOD AND SYSTEM FOR ETCHING A HIGH-K DIELECTRIC MATERIAL 



O (57) Abstract: A method for etching a high-k dielectric layer on a substrate in a plasma processing system is described. The high-k 
^ dielectric layer can, for example, comprise Hf02- The method comprises elevating the temperature of the substrate above 200 C (i.e., 
Q typically of order 400 C), introducing a process gas comprising a halogen-containing gas, igniting a plasma from the process gas, 
and exposing the substrate to the plasma. The process gas can further include a reduction gas in order to improve the etch rate of 
J^- HA0 2 relative to Si and Si0 2 . 



11/27/06, EAST Version: 2.1.0.14 



WO 2004/109772 



PCT/US2004/014610 



METHOD AND SYSTEM FOR ETCHING A HIGH-K DIELECTRIC 

MATERIAL 

Cross-reference to Related Applications 

[0001] This international application relies for priority on and claims the 
benefit of the filing date of U.S. Provisional Application No. 60/474,224, filed 
May 30, 2003, the contents of which are incorporated herein be reference in 
their entirety. 

[0002] This international application also relies for priority on and claims the 
benefit of the filing date of co-pending United States Provisional Application 
No. 60/474,225, filed on May 30, 2003, the contents of which are incorporated 
herein by reference in their entirety. 

Field of the Invention 

[0003] The present invention relates to a method of etching a substrate, and 
more particularly to a method etching a high-k dielectric layer on a substrate. 

Background of the Invention 

[0004] In the semiconductor industry, the minimum feature sizes of 
microelectronic devices are approaching the deep sub-micron regime to meet 
the demand for faster, lower power microprocessors and digital circuits. 
Process development and integration issues are key challenges for new gate 
stack materials and silicide processing, with the imminent replacement of Si0 2 
and Si-oxynitride (SiN x O y ) with high-permittivity dielectric materials (also 
referred to herein as "high-k" materials), and the use of alternative gate 
electrode materials to replace doped poly-Si in sub-0.1 jum complementary 
metal-oxide semiconductor (CMOS) technology. 

[0005] Dielectric materials featuring a dielectric constant greater than that of 
Si0 2 (k~3.9) are commonly referred to as high-k materials. In addition, high-k 
materials may refer to dielectric materials that are deposited onto substrates 
(e.g., Hf0 2 , Zr0 2 ) rather than grown on the surface of the substrate (e.g., 
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Si0 2 , SiN x Oy). High-k materials may incorporate metallic silicates or oxides 
(e.g., Ta 2 0 5 (k~26), Ti0 2 (k~80), Zr0 2 (k~25), Al 2 0 3 (k-9), HfSiO, Hf0 2 
(k~25)). During the manufacturing of semiconductor devices, the high-k 
layers must be etched and removed in order to allow silicidation for the 
source/drain regions, and to reduce the risk of metallic impurities being 
implanted into the source/drain regions during ion implantation. 

Summary of the Invention 

[0006] The present invention relates to a method of etching a substrate, and 
more particularly to a method etching a high-k dielectric layer on a substrate. 
[0007] A method for etching a high-k dielectric layer on a substrate atop a 
substrate holder in a plasma processing system comprising: elevating the 
substrate temperature above 200 C; introducing a process gas to the plasma 
processing system, the process gas comprising a halogen-containing gas; 
igniting a plasma from the process gas; and exposing the substrate to the 
plasma for a period of time sufficient to etch the high-k dielectric layer. The 
process gas can further comprise a reduction gas. 

Brief Description of the Drawings 
[0008] In the accompanying drawings: 

[0009] FIG. 1 shows a simplified schematic diagram of a plasma processing 

system according to an embodiment of the present invention; 

[001 0] FIG. 2 shows a schematic diagram of a plasma processing system 

according to another embodiment of the present invention; 

[001 1 ] FIG. 3 shows a schematic diagram of a plasma processing system 

according to another embodiment of the present invention; 

[0012] FIG. 4 shows a schematic diagram of a plasma processing system 

according to another embodiment of the present invention; 

[001 3] FIG. 5 shows a schematic diagram of a plasma processing system 

according to another embodiment of the present invention; 

[0014] FIG. 6 illustrates a response of substrate temperature to three 

different conditions; 
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[0015] FIG. 7 illustrates the contribution to substrate heating power from four 
different processing parameters; 

[0016] FIG. 8 illustrates response of substrate temperature to heating and 
cooling during processing; 

[0017] FIG. 9 presents a method of heating a substrate according to an 
embodiment of the present invention; and 

[0018] FIG. 10 presents a method of heating a substrate according to 
another embodiment of the present invention. 

Detailed Description of Several Embodiments 

[0019] In material processing methodologies, the wide acceptance of high-k 
dielectric layers for gate-stacks has required more complex processes to etch 
such materials. Therein, conventional dry plasma etching of gate-stacks 
utilizes a set temperature for the substrate holder that, for a process recipe 
comprising multiple process steps, remains constant for all process steps. In 
general, since the substrate holder temperature is set by a heat exchanger 
and the heat exchanger inherently has a large thermal inertia, it has not been 
practical to alter the heat exchanger temperature between process steps. 
And consequently, it has not been practical to alter the substrate temperature 
between process steps. 

[0020] However, it has become increasingly necessary for advanced gate- 
stack etching to have a variable substrate temperature between different 
process steps, within one process recipe. For example, in a gate-stack 
comprising a doped-poly/T aN/Hf0 2 /Si stack, the doped-poly and TaN layers 
can be etched at 80°C, which is the setpoint temperature of the substrate 
holder. Yet, firstly, the selective etching of Hf0 2 on Si, could require a 
temperature well above 150°C. And, secondly, it is crucial to introduce a 
plasma chemistry having a parameter space sufficiently large that the Hf0 2 
gate-dielectric layer can be dry plasma etched without attacking the 
underlying source/drain Si when it is exposed. 

[0021] According to one embodiment, a plasma processing system 1 is 
depicted in FIG. 1 comprising a plasma processing chamber 10, a diagnostic 
system 12 coupled to the plasma processing chamber 10, and a controller 14 
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coupled to the diagnostic system 12 and the plasma processing chamber 10. 
The controller 14 is configured to execute a process recipe comprising one or 
more process steps to etch a gate-stack as described above. Additionally, 
controller 14 can be configured to receive at least one endpoint signal from 
the diagnostic system 12 and to post-process the at least one endpoint signal 
in order to accurately determine an endpoint for the process. In the illustrated 
embodiment, plasma processing system 1, depicted in FIG. 1, utilizes a 
plasma for material processing. Plasma processing system 1 can comprise 
an etch chamber. 

[0022] According to the embodiment depicted in FIG. 2, plasma processing 
system 1a can comprise plasma processing chamber 10, substrate holder 20, 
upon which a substrate 25 to be processed is affixed, and vacuum pumping 
system 30. Substrate 25 can be, for example, a semiconductor substrate, a 
wafer or a liquid crystal display. Plasma processing chamber 10 can be, for 
example, configured to facilitate the generation of plasma in processing region 
15 adjacent a surface of substrate 25. An ionizable gas or mixture of gases is 
introduced via a gas injection system (not shown) and the process pressure is 
adjusted. For example, a control mechanism (not shown) can be used to 
throttle the vacuum pumping system 30. Plasma can be utilized to create 
materials specific to a pre-determined materials process, and/or to aid the 
removal of material from the exposed surfaces of substrate 25. The plasma 
processing system 1a can be configured to process 200 mm substrates, 300 
mm substrates, or larger. 

[0023] Substrate 25 can be, for example, affixed to the substrate holder 20 
via an electrostatic clamping system 26. Furthermore, substrate holder 20 
can, for example, further include a cooling system including a re-circulating 
coolant flow that receives heat from substrate holder 20 and transfers heat to 
a heat exchanger system (not shown), or when heating, transfers heat from 
the heat exchanger system. Moreover, a heat transfer gas can, for example, 
be delivered to the backside of substrate 25 via a backside gas distribution 
system 27 to improve the gas-gap thermal conductance between substrate 25 
and substrate holder 20. Such a system can be utilized when temperature 
control of the substrate is desired at elevated or reduced temperatures. For 
example, the backside gas distribution system 27 can comprise a two-zone or 
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three-zone (or, generically, multizone) gas distribution system, wherein the 
backside gas (gap) pressure can be independently varied between the center 
and the edge of substrate 25. In other embodiments, heating/cooling 
elements, such as resistive heating elements, or thermo-electric 
heaters/coolers can be included in the substrate holder 20, as well as the 
chamber wall of the plasma processing chamber 10 and any other component 
within the plasma processing system 1a. 

[0024] In the embodiment shown in FIG, 2, substrate holder 20 can 
comprise an electrode through which RF power is coupled to the processing 
plasma in process space 15. For example, substrate holder 20 can be 
electrically biased at a RF voltage via the transmission of RF power from a RF 
generator 40 through an impedance match network 50 to substrate holder 20. 
The RF bias can serve to heat electrons to form and maintain plasma. In this 
configuration, the system can operate as a reactive ion etch (RIE) reactor, 
wherein the chamber and an upper gas injection electrode serve as ground 
surfaces. A typical frequency for the RF bias can range from 0.1 MHz to 100 
MHz. RF systems for plasma processing are well known to those skilled in 
the art, 

[0025] Alternately, RF power is applied to the substrate holder electrode at 
multiple frequencies. Furthermore, impedance match network 50 serves to 
improve the transfer of RF power to plasma in plasma processing chamber 10 
by reducing the reflected power. Match network topologies (e.g. L-type, n- 
type, T-type, etc.) and automatic control methods are well known to those 
skilled in the art. 

[0026] Vacuum pump system 30 can, for example, include a turbo-molecular 
vacuum pump (TMP) capable of a pumping speed up to 5000 liters per 
second (and greater) and a gate valve for throttling the chamber pressure. In 
conventional plasma processing devices utilized for dry plasma etch, a 1000 
to 3000 liter per second TMP is generally employed. For example, TMPs are 
useful for low pressure processing, typically less than 50 mTorr. For high 
pressure processing (i.e., greater than 100 mTorr), a mechanical booster 
pump and dry roughing pump can be used. Furthermore, a device for 
monitoring chamber pressure (not shown) can be coupled to the plasma 
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processing chamber 10. The pressure measuring device can be, for example, 
a Type 628B Baratron absolute capacitance manometer commercially 
available from MKS Instruments, Inc. (Andover, MA). 
[0027] Controller 14 comprises a microprocessor, memory, and a digital I/O 
port capable of generating control voltages sufficient to communicate and 
activate inputs to plasma processing system 1a as well as monitor outputs 
from plasma processing system 1a. Moreover, controller 14 can be coupled 
to and can exchange information with RF generator 40, impedance match 
network 50, the gas injection system (not shown), vacuum pump system 30, 
as well as the backside gas distribution system 27, the substrate/substrate 
holder temperature measurement system (not shown), and/or the electrostatic 
clamping system 26. For example, a program stored in the memory can be 
utilized to activate the inputs to the aforementioned components of plasma 
processing system 1a according to a process recipe in order to perform the 
method of etching a gate-stack comprising a high-k dielectric layer. One 
example of controller 14 is a DELL PRECISION WORKSTATION 610™ , 
available from Dell Corporation, Austin, Texas. 
[0028] The diagnostic system 12 can include an optical diagnostic 
subsystem (not shown). The optical diagnostic subsystem can comprise a 
detector such as a (silicon) photodiode or a photomultiplier tube (PMT) for 
measuring the light intensity emitted from the plasma. The diagnostic system 
12 can further include an optical filter such as a narrow-band interference 
filter. In an alternate embodiment, the diagnostic system 12 can include at 
least one of a line CCD (charge coupled device), a CID (charge injection 
device) array, and a light dispersing device such as a grating or a prism. 
Additionally, diagnostic system 12 can include a monochromator (e.g., 
grating/detector system) for measuring light at a given wavelength, or a 
spectrometer (e.g., with a rotating grating) for measuring the light spectrum 
such as, for example, the device described in U.S. Patent No. 5,888,337. 
[0029] The diagnostic system 12 can include a high resolution Optical 
Emission Spectroscopy (OES) sensor such as from Peak Sensor Systems, or 
Verity Instruments, Inc. Such an OES sensor has a broad spectrum that 
spans the ultraviolet (UV), visible (VIS), and near infrared (NIR) light 
spectrums. The resolution is approximately 1,4 Angstroms, that is, the sensor 
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is capable of collecting 5550 wavelengths from 240 to 1000 nm. For example, 
the OES sensor can be equipped with high sensitivity miniature fiber optic UV- 
VIS-NIR spectrometers which are, in turn, integrated with 2048 pixel linear 
CCD arrays. 

[0030] The spectrometers receive light transmitted through single and 
bundled optical fibers, where the light output from the optical fibers is 
dispersed across the line CCD array using a fixed grating. Similar to the 
configuration described above, light emitting through an optical vacuum 
window is focused onto the input end of the optical fibers via a convex 
spherical lens. Three spectrometers, each specifically tuned for a given 
spectral range (UV, VIS and NIR), form a sensor for a process chamber. 
Each spectrometer includes an independent A/D converter. And lastly, 
depending upon the sensor utilization, a full emission spectrum can be 
recorded every 0.1 to 1 .0 seconds. 

[0031] In the embodiment shown in FIG. 3, the plasma processing system 
1 b can, for example, be similar to the embodiment of FIGs. 1 or 2 and further 
comprise either a stationary, or mechanically or electrically rotating magnetic 
field system 60, in order to potentially increase plasma density and/or improve 
plasma processing uniformity, in addition to those components described with 
reference to FIG. 1 and FIG. 2. Moreover, controller 14 can be coupled to 
magnetic field system 60 in order to regulate the speed of rotation and field 
strength. The design and implementation of a rotating magnetic field is well 
known to those skilled in the art. 

[0032] In the embodiment shown in FIG. 4, the plasma processing system 
1c can, for example, be similar to the embodiments of FIG. 1 and FIG. 2, and 
can further comprise an upper electrode 70 to which RF power can be 
coupled from RF generator 72 through impedance match network 74. A 
typical frequency for the application of RF power to the upper electrode can 
range from 0.1 MHz to 200 MHz. Additionally, a typical frequency for the 
application of power to the lower electrode can range from 0.1 MHz to 100 
MHz. Moreover, controller 14 is coupled to RF generator 72 and impedance 
match network 74 in order to control the application of RF power to upper 
electrode 70. The design and implementation of an upper electrode is well 
known to those skilled in the art. 

-7- 



11/27/06, EAST Version: 2.1.0.14 



WO 2004/109772 PCT/US2004/014610 

[0033] In the embodiment shown in FIG. 5, the plasma processing system 
1d can, for example, be similar to the embodiments of FIGs. 1 and 2, and can 
further comprise an inductive coil 80 to which RF power is coupled via RF 
generator 82 through impedance match network 84. RF power is inductively 
coupled from inductive coil 80 through dielectric window (not shown) to 
plasma processing region 15. A typical frequency for the application of RF 
power to the inductive coil 80 can range from 10 MHz to 100 MHz. Similarly, 
a typical frequency for the application of power to the chuck electrode can 
range from 0.1 MHz to 100 MHz. In addition, a slotted Faraday shield (not 
shown) can be employed to reduce capacitive coupling between the inductive 
coil 80 and plasma. Moreover, controller 14 is coupled to RF generator 82 
and impedance match network 84 in order to control the application of power 
to inductive coil 80. In an alternate embodiment, inductive coil 80 can be a 
"spiral" coil or "pancake" coil in communication with the plasma processing 
region 1 5 from above as in a transformer coupled plasma (TCP) reactor. The 
design and implementation of an inductively coupled plasma (ICP) source, or 
transformer coupled plasma (TCP) source, is well known to those skilled in 
the art. 

[0034] Alternately, the plasma can be formed using electron cyclotron 
resonance (ECR). In yet another embodiment, the plasma is formed from the 
launching of a Helicon wave. In yet another embodiment, the plasma is 
formed from a propagating surface wave. Each plasma source described 
above is well known to those skilled in the art. 
[0035] In the following discussion, a method of etching a gate-stack 
comprising a high-k dielectric layer utilizing a plasma processing device is 
presented. For example, the plasma processing device can comprise various 
elements, such as described in FIGs. 1 through 5, and combinations thereof. 
[0036] An exemplary representation of a typical gate-stack can comprise 
polysilicon/Hf0 2 /Si0 2 /Si with a TEOS hard mask. The silicon layer (Si) serves 
as the source/drain, and the Si0 2 dielectric layer comprises a thin (~5A) 
interfacial oxide that is sometimes incorporated to improve channel mobility 
while partially sacrificing the overall gate-dielectric k value. Table I presents 
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an exemplary process recipe for etching through the polysilicon layer and the 
Hf0 2 layer, and stopping on the Si02 layer. 



step 


top-RF 


bot-RF 


ESC-T 


gap 


P 


Q(sccm) 


ESC-volis 


ESC-He 


Vpp 


step-time 


BT 


X 


y 


80°C 


z 


P 




1500V 


3/3 


r 


10s 


ME 


XX 


yy 


80°C 


zz 


VP 


qq 


1500V 


3/3 


IT 


epd 


OE 


XXX 


yyy 


80°C 


zzz 


PPP 


qqq 


1500V 


10/10 


ITT 


50s 


PPH 


2kW 


900W 


80°C 


80mm 


200mt 


2000He 


OV 


0/0 


2000/1000 


30s 


DE 


250W 


20W 


80°C 


80mm 


5mt 


3 examples: lOOHBror 
80HBT+20C2H4 or 
SOHBr+SOCjH^Brj 


OV 


0/0 


850/150 


5s or epd 


cool 


OW 


OW 


80°C 


80mm 


200mt 


2000He 


1500V 


10/10 


0/0 


30s 



TABLE I. 



[0037] For example, in Table I, BT represents a first process step for 
breaking through the native Si0 2 layer; ME represents a second process step 
comprising the polysilicon main etching step; OE represents an over-etching 
process step; PPH represents a plasma pre-heat process step; DE represents 
a dielectric (Hf0 2 ) etching process step; and cool represents a substrate cool- 
down process step. 

[0038] In the example illustrated in Table I, a plasma processing system as 
described in FIG. 4 is utilized, wherein top-RF represents upper electrode RF 
power, where x, xx, xxx represent conventional values for RF power delivered 
to the top electrode during the native oxide break-through step, the main etch 
step and the over-etch step, respectively; bot-RF represents lower (substrate 
holder) electrode RF power, where y, yy, yyy represent conventional values 
for RF power delivered to the bottom electrode during the native oxide break- 
through step, the main etch step, and the over-etch step, respectively; ESC-T 
represents the temperature of the substrate holder; gap represents the 
separation distance between the upper electrode and the lower electrode, 
where z, zz, zzz represent conventional values for the spacing between the 
top (upper) electrode and the bottom (lower) electrode during the native oxide 
break-through step, the main etch step, and the over-etch step, respectively; 
P represents the processing chamber pressure, where p, pp, ppp represent 
conventional values for the processing chamber pressure during the native 
oxide break-through step, the main etch step, and the over-etch step, 
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respectively; ESC-volts represents the electrode clamping voltage applied to 
the substrate holder; ESC-He represents the center/edge substrate back-side 
He pressure (Torr); V PP represents the typical peak-to-peak RF voltage 
developed on the upper/lower electrode at the set RF power(s), where r, rr, rrr 
represent conventional values for the peak-to-peak voltage on the bottom 
(lower) electrode during the native oxide break-through step, the main etch 
step, and the over-etch step, respectively; and epd represents the end point 
detection time. Other configurations of the plasma processing system can 
have somewhat different parameter sets and values. 
[0039] The flow-rate (Q) listed for the DE step is merely an example 
reflecting the condition of high flow-rate (i.e., low residence time), where q, qq, 
qqq represent conventional values for the process gas flow rate(s) during the 
native oxide break-through step, the main etch step, and the over-etch step, 
respectively. The listed gases can be used to illustrate the approach of 
achieving selective Hf0 2 /Si etching. BT, ME and OE process steps and their 
typical process parameters are understood to those skilled in the art of 
polysilicon etching, etc. During the cool-down step, RF power is removed to 
extinguish the processing plasma, and the substrate is cooled through 
electrostatic clamping (ESC) and backside (helium) heat transfer gas; typically 
30 seconds is sufficient to lower the substrate temperature to the temperature 
of the substrate holder. 

[0040] During plasma pre-heating (PPH), the substrate temperature is 
elevated from a temperature suitable for etching polysilicon (e.g. 80 C) to a 
temperature more suitable for selective etching of Hf0 2 (e.g., 400 C). When a 
substrate simply rests on the substrate holder (i.e., without clamping (via 
ESC), and backside gas), the substrate is substantially thermally isolated from 
the substrate holder and the surrounding processing chamber. For example, 
FIG. 6 presents a typical response for the substrate temperature for three 
different conditions when resting atop a substrate holder that is maintained at 
a lower temperature. If the substrate is not clamped to the substrate holder 
and, therefore, not subjected to a backside gas pressure, then the change in 
substrate temperature in time is very slow (solid line depicted as 100 in FIG. 
6). If, on the other hand, the substrate is clamped to the substrate holder but 
not subjected to a backside gas pressure, then a slightly increased rate of 
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temperature change is observed in time (long dashed line depicted as 102 in 
FIG. 6). Moreover, if the substrate is clamped to the substrate holder and 
subjected to a backside gas pressure, then the substrate temperature decays 
swiftly initially and then gradually thereafter as the substrate temperature 
approaches the temperature of the substrate holder (short dashed line 
depicted as 104 in FIG. 6). 

[0041 J Plasma pre-heating (PPH) of the substrate takes place when the 
substrate is thermally isolated (i.e., clamping force removed, and back-side 
gas pressure removed). In general, both ion bombardment and convective 
hot-neutrals contribute to the heating of the substrate and, to a lesser degree, 
electron (both thermal and ballistic) heating contributes to the heating 
process. In highly ionized plasmas (inductively coupled plasma (ICP), wave- 
heated, etc.), ion bombardment heating can dominate over convective hot- 
neutrals. 

[0042] In capacitively coupled plasmas (CCP), convective hot-neutrals can 
be as significant as ion bombardment heating and, in some cases, hot- 
neutrals can be the dominant heating process. In one embodiment, the 
plasma pre-heating process comprises introducing an inert gas, such as He, 
Ar, Kr, and Xe, igniting a plasma from the inert gas, removing the clamping 
force from the substrate, and removing the back-side gas pressure from the 
substrate. For example, FIG. 7 illustrates the influence that changes in RF 
power delivered to the lower electrode, chamber pressure of inert gas, flow 
rate of inert gas, and atomic mass of inert gas have on the substrate heating 
power. It has been observed that: (a) the heating power increases with 
increase in the RF power delivered to the lower electrode (line 110), (b) the 
heating power increases marginally with increase in the inert gas flow rate 
(line 1 14), (c) the heating power increases slightly with increase in inert gas 
pressure (line 1 12), and (d) the heating power decreases with an increase in 
atomic mass of the inert gas (i.e., the use of helium is more effective than 
argon) (line 116). 

[0043] In an example, FIG. 8 illustrates a description of selective Hf0 2 /Si 
gate-dielectric etching using the plasma pre-heating (PPH) method. Most 
devices comprise a range of 20 to 50 A thick Hf0 2 gate-dielectric layer. 
Therefore, the etch time is typically very short (e.g. approximately 5 seconds). 
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The peak substrate temperature under a specific PPH process depends on 
the PPH time. Once a desired peak substrate temperature is reached (e.g., 
400 C) (during period 120), the selective Hf0 2 etch process recipe is initiated. 
Typically, the Hf0 2 etching plasma comprises lower power than PPH; and, 
therefore, the substrate-heating rate is drastically reduced. Due to ideal 
thermal isolation, the substrate temperature can remain nearly constant 
during Hf0 2 etching (during period 122). Cool down occurs during period 124. 
[0044] For selective Hf0 2 -to-Si etching, it has been determined that 
reduction of oxygen (O) from the Hf0 2 can aid the etch rate. In general, HBr 
or HCI etches Hf0 2 faster than a pure halogen (Br 2 or Cl 2 ) alone. Therefore, 
the desired etchants are, for example, HBr, C 2 H 4 Br 2 , etc. Both carbon (C) 
and hydrogen (H) are strong reduction agents. Besides, (CH 2 ) n polymer with 
caged-Br, can form on Hf0 2 , enhancing the reduction process and 
subsequently enhancing the HfBr x formation process. All the Hf-halides are 
nonvolatile, with similar volatility. Therefore, ion bombardment is required to 
desorb HfBr x if standard etching temperature is used (e.g. 80 C). However, 
high ion bombardment energy in a halogen-containing plasma leads to 
etching of the underlying silicon (Si) at a greater rate once the source/drain 
silicon (Si) is exposed. Therefore, the substrate temperature is raised using 
the PPH process step, since, as substrate temperature increases, HfBr x 
desorption increases exponentially. Yet, at high substrate temperature, the Si 
etch rate also increases exponentially in a pure halogen ambient and, hence, 
the need for the presence of reduction agents such as H and C. 
[0045] In the HBr example, HBr can etch Hf0 2 efficiently; the presence of 
some gas-phase H would tie up the Br to reduce the Si etching rate. HBr 
under a low total RF-power condition is not an efficient Si etching condition; its 
strong ionic bond can tend to bind up free Br. In order to further reduce the Si 
etching rate, gases such as C 2 H 4 , C 2 H 4 Br 2 can be added to HBr; the additive 
polymerizes on Si [e.g., (CH 2 ) n ] to further reduce the Si etching rate. 
Concurrently, such polymer does not impede Hf0 2 etching rate due to its 
reduction nature. Alternately, a gas such as C 2 H 6 can be added to reduce the 
silicon etch rate. Alternately, diatomic hydrogen (H 2 ) can be added to reduce 
the silicon etch rate. Alternately, another general method to slow down the Si 
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etching rate is through the growth of SiN or SiO under high substrate 
temperature. This effect can be achieved through additives containing O 
and/or N, e.g. N 2 or 0 2 . However, process optimization would require that the 
presence of O and/or N does not negatively affect the Hf0 2 etching rate. 
Additionally, sufficient presence of C and H during Hf0 2 etching, can 
accelerate the thermal etch-rate through the aid of reduction. 
[0046] For example, a Hf0 2 etch rate of 1649 A/min, and a Hf0 2 -to-Si etch 
rate selectivity of 2.2 was achieved using the following recipe: PPH Step - 
upper electrode RF power = 700 W; lower electrode RF power = 900 W; 
substrate holder temperature = 80 C; electrode spacing - 80 mm; pressure = 
50 mTorr; gas flow rate = 500 seem He, 2 seem Cl 2 ; no ESC clamping, no 
helium backside gas pressure; duration - 90 seconds; Hf0 2 etch - upper 
electrode RF power = 200 W; lower electrode RF power = 50 W; substrate 
holder temperature = 80 C; electrode spacing - 80 mm; pressure = 5 mTorr; 
gas flow rate = 105 seem HBr; no ESC clamping, no helium backside gas 
pressure; duration = 10 seconds; and COOL - substrate holder temperature = 
80 C; electrode spacing - 80 mm; pressure = 50 mTorr; gas flow rate = 500 
seem He; 1.5 kV ESC clamping, 10 Torr/10 Torr center-edge helium backside 
gas pressure; duration = 30 seconds. 

[0047] For selective HfOrto-Si0 2 etching, it has been determined that Si0 2 
etching in HBr plasma remains as ion-driven at high substrate temperature 
while Hf0 2 etching becomes one of chemical etching nature. As a result, a 
low lower electrode RF power condition under high substrate temperature is 
capable of chemically etching Hf0 2 at a .high rate while etching Si0 2 at a 
slower rate. Firstly, ion bombardment is essential to break the Si-O bond in 
order to perform any etching. In the case of C 2 H 4 or C 2 H 4 Br 2 additives, the 
polymer further protects the Si-O from ion bombardment and could slow the 
Si0 2 etching rate even further. 

[0048] For example, a Hf0 2 etch rate of 1 649 A/min, and a Hf0 2 -to-Si0 2 
etch rate selectivity of 25 was achieved using the following recipe: PPH Step 
- upper electrode RF power = 700 W; lower electrode RF power = 900 W; 
substrate holder temperature = 80 C; electrode spacing - 80 mm; pressure = 
50 mTorr; gas flow rate = 500 seem He, 2 seem Cl 2 ; no ESC clamping, no 
helium backside gas pressure; duration - 90 seconds; Hf0 2 etch - upper 
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electrode RF power = 200 W; lower electrode RF power = 50 W; substrate 
holder temperature = 80 C; electrode spacing - 80 mm; pressure = 5 mTorr; 
gas flow rate = 105 seem HBr; no ESC clamping, no helium backside gas 
pressure; duration = 10 seconds; and COOL - substrate holder temperature = 
80 C; electrode spacing - 80 mm; pressure = 50 mTorr; gas flow rate = 500 
seem He; 1.5 kV ESC clamping, 10 Torr/10 Torr center-edge helium backside 
gas pressure; duration = 30 seconds. 

[0049] The trace-CI 2 in PPH is to prevent surface contamination. In many 
cases, plasma processing systems can comprise quartz components. For 
example, contamination in pure-He PPH can comprise SiO from the quartz 
components. Trace-CI 2 in the PPH process step can prevent SiO from 
forming on the surface of Hf0 2 layer. Alternately, during a pure-He PPH, a BT 
process step (break through) can be inserted before the DE step. CF 4 BT is 
known to be effective in removing the Si0 2 from the high-k dielectric material 
surface. 

[0050] In an embodiment, the method of etching a high-k dielectric layer, 
such as Hf0 2 , comprises using a halogen containing gas such as at least one 
of HBr, Cl 2 , HCI, NF 3 , Br 2 , C 2 H 4 Br 2 , and F 2 . Additionally, the process gas can 
further comprise a reduction gas such as at least one of H 2 , C 2 H 4 , C 2 H 4 Br 2 , 
CH 4 , C 2 H 2 , C 2 H6, C3H 4 , C3H6, C3H8, C 4 H6, C4H8, C 4 Hio, CsHs, C5H10, CeH6, 
C 6 H 10 , and CeHi 2 . For example, a process parameter space can comprise a 
chamber pressure of 1 to 1000 mTorr (e.g. 5 mTorr), a halogen containing 
gas flow rate ranging from 20 to 1000 seem (e.g. 50 seem), a reduction gas 
flow rate ranging from 1 to 500 seem (e.g. 50 seem), an upper electrode RF 
bias ranging from 100 to 2000 W (e.g. 200 W), and a lower electrode RF bias 
ranging from 10 to 500 W (e.g. 50 W). Also, the upper electrode bias 
frequency can range from 0.1 MHz to 200 MHz, e.g., 60 MHz. In addition, the 
lower electrode bias frequency can range from 0.1 MHz to 100 MHz, e.g., 2 
MHz. 

[0051] FIG. 9 presents a flow chart 400 for heating a substrate in a plasma 
processing system. Heating the substrate to an elevated temperature can, for 
example, facilitate a pre-heat process step in a sequence of process steps 
utilized to etch a series of different layers, such as a plurality of layers forming 
a gate stack, on the substrate. The gate stack can, for example, comprise 
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silicon-containing layers, high-k dielectric layers, etc. The method begins in 
410 with removing the backside gas pressure from the backside of the 
substrate. For example, in conventional plasma processing systems, the 
backside gas distribution system comprises a gas supply system having at 
least one of a control valve, pressure regulator, and a flow controller, and a 
vacuum pump for evacuating the backside gas distribution channels, etc. 
When the backside gas pressure is removed, the control valve accessing the 
gas supply system to the backside gas distribution channels, etc. can, for 
example, be closed, and the vacuum pump can facilitate evacuation of these 
channels, etc. The design and use of a backside gas distribution system for 
improving the thermal conductance between the substrate and the substrate 
holder is well known to those skilled in the art of the implementation of such 
systems. 

[0052] In 420, the clamping force applied to the substrate is removed. For 
example, the substrate can be either mechanically or electrically clamped to 
the substrate holder. In the former case, the mechanical clamp is relieved of 
its application of mechanical pressure to the substrate. In the latter case, the 
voltage applied to the electrostatic clamp electrode(s) by the high voltage DC 
source is removed. Once the backside gas pressure and the clamping forces 
are removed in 410 and 420, the substrate becomes substantially thermally 
isolated from the substrate holder when resting on the substrate holder in a 
vacuum environment. 

[0053] In 430, a heating gas is introduced to the plasma processing system. 
In one embodiment, the heating gas can comprise an inert gas such as at 
least one of He, Ar, Kr, and Xe. In an alternate embodiment, the heating gas 
can further comprise a cleaning gas such as Cl 2 . 
[0054] In 440, plasma is ignited, and, in 450, the substantially thermally 
isolated substrate is exposed to the plasma for a period of time. The plasma 
can be ignited utilizing any of the techniques discussed above in reference to 
FIGs. 1 through 5. For example, the plasma can be ignited in a plasma 
processing system, such as the one described in FIG. 4, via the application of 
RF power through at least one of the upper electrode and the lower electrode. 
For example, a process parameter space can comprise a chamber pressure 
of greater than 20 mTorr (e.g., 50 mTorr), an inert gas flow rate greater than 
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or equal to 200 seem (e.g. 500 seem), a cleaning gas flow rate less than or 
equal to 10 seem (e.g. 2 seem), an upper electrode RF bias ranging from 100 
to 2000 W (e.g. 700 W), and a lower electrode RF bias ranging from 100 to 
2000 W (e.g. 900 W). Also, the upper electrode bias frequency can range 
from 0.1 MHz to 200 MHz, e.g., 60 MHz. In addition, the lower electrode bias 
frequency can range from 0.1 MHz to 100 MHz, e.g., 2 MHz. For example, 
the time period for heating a substrate from room temperature to 400 C can 
range from 60 to 120 seconds. 

[0055] FIG. 1 0 presents a flow chart 500 for a method of etching a high-k 
dielectric layer on a substrate in a plasma processing system according to an 
embodiment of the present invention. The method begins in 510 with 
elevating the substrate temperature. For example, the substrate temperature 
can be greater than 200 C, and, desirably, the substrate temperature can 
range from 300 to 500 C (e.g., 400 C). The substrate can, for example, be 
heated using a pre-heating plasma process (PPH), such as the one described 
above in reference to FIG. 9. 

[0056] In 520, a process gas is introduced to the plasma processing system 
for etching a high-k dielectric layer, such as Hf0 2 . In one embodiment, the 
process gas comprises a halogen-containing gas such as at least one of HBr, 
Cl 2f HCI, NF 3 , Br 2f C 2 H 4 Br 2 , and F 2 . In an alternate embodiment, the process 
gas further comprises a reduction gas such as at least one of H 2 , C 2 H4, 
C 2 H 4 Br 2 , CH 4 , C 2 H 2 , C 2 H 6 , C 3 H 4 , C 3 H 6 , C 3 H 8 , C 4 H 6 , C 4 H 8 , C 4 H 10 , C 5 H 8 , C 5 H 10 , 
CeH 6 , CsHio, and C6H 12 . In yet another alternate embodiment, the process 
gas further comprises at least one of an oxygen-containing gas and a 
nitrogen-containing gas, such as 0 2 , N 2 , N 2 0, and N0 2 . 
[0057] In 530, plasma is ignited, and, in 540, the high-k dielectric layer on 
the substrate is exposed to the plasma for a period of time. The plasma can 
be ignited utilizing any of the techniques discussed above in reference to 
FIGs. 1 through 5. For example, the plasma can be ignited in a plasma 
processing system, such as the one described in FIG. 4, via the application of 
RF power through at least one of the upper electrode and the lower electrode. 
For example, a process parameter space can comprise a chamber pressure 
of 1 to 1000 mTorr (e.g. 5 mTorr), a halogen containing gas flow rate ranging 
from 20 to 1000 seem (e.g. 50 seem), a reduction gas flow rate ranging from 1 
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to 500 seem (e.g. 50 seem), an upper electrode RF bias ranging from 100 to 
2000 W (e.g. 200 W), and a lower electrode RF bias ranging from 10 to 500 
W (e.g. 50 W). Also, the upper electrode bias frequency can range from 0.1 
MHz to 200 MHz, e.g., 60 MHz. In addition, the lower electrode bias 
frequency can range from 0.1 MHz to 100 MHz, e.g., 2 MHz. 
[0058] Although only certain embodiments of this invention have been 
described in detail above, those skilled in the art will readily appreciate that 
many modifications are possible in the embodiments without materially 
departing from the novel teachings and advantages of this invention. 
Accordingly, all such modifications are intended to be included within the 
scope of this invention. 
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What is claimed is: 

1 . A method for etching a high-k dielectric layer on a substrate atop a 
substrate holder in a plasma processing system comprising: 

elevating the substrate temperature above 200C; 
introducing a process gas to said plasma processing system, said 
process gas comprising a halogen-containing gas; 
igniting a plasma from said process gas; and 

exposing said substrate to said plasma for a period of time sufficient to 
etch said high-k dielectric layer. 

2. The method as recited in claim 1 , wherein said temperature ranges 
from 300 to 500 C. 

3. The method as recited in claim 1 , wherein said temperature is 
substantially 400 C. 

1 4. The method as recited in claim 1 , wherein said halogen-containing 
gas comprises at least one of HBr, Cl 2 , HCI, NF 3 , Br 2 , C 2 H 4 Br 2 , and F 2 . 

5. The method as recited in claim 1 , wherein said process gas further 
comprises a reduction gas. 

6. The method as recited in claim 5, wherein said reduction gas 
comprises at least one of a hydrogen-containing gas, and a carbon-containing 
gas. 

7. The method as recited in claim 5, wherein said reduction gas 
comprises a hydrocarbon gas. 

8. The method as recited in claim 5, wherein said reduction gas 
comprises at least one of H 2 , C 2 H4, C 2 H4Br 2 , CH 4 , C 2 H 2 , C 2 H6, C3H4, C3H6, 
C 3 H 8f C 4 H 6 , C 4 H 8 , C 4 H 10 , C 5 H 8 , C5H10, C 6 H 6 , C 6 Hi 0 . and C 6 H 12 . 
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9. The method as recited in claim 5, wherein said reduction gas 
comprises at least one of a nitrogen-containing gas, and an oxygen- 
containing gas. 

10. The method as recited in claim 5, wherein said reduction gas 
comprises at least one of 0 2 , N 2 , N 2 0, and N0 2 . 

1 1 . The method as recited in claim 1 , wherein said process gas 
comprises HBr, and H 2 . 

12. The method as recited in claim 1, wherein said high-k dielectric 
layer comprises Hf0 2 . 
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FIG. 2. 
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